In the extraction of cobalt and nickel from an aqueous solution containing both metals and using di-(2-ethylhexyl)phosphoric acid (HDEHP) and 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (EHPNA), interaction occurs which influences the amount of each of the metals extracted. For ideal conditions where only monomeric metal species is extracted, an extraction equilibrium expression for a mixed metal species has been obtained and the separation factor for cobalt and nickel can be reasonably expressed as a function of the concentrations of the species and the extraction constants involved. Under conditions typical of industrial operation, the separation factor cannot be correlated by such a simple function. The observed values, however, are found to be not greatly different from those obtained using the data for pure metal extraction, except in the limiting case of a highly loaded organic phase. The separation factor obtained with 100 mol/m3 EHPNAin xylene is around 1000, which is much greater than the values obtained using HDEHP.
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Intr oduction
The feasibility of various extractants for the separation of cobalt and nickel in acidic solutions has been examined for mixtures of Kelex 100 and Versatic acid,4) naphthenic acid2) and di-(2-ethylhexyl)- of cobalt and nickel is of fundamental importance in understanding the underlying separation process. In previous work, the extraction equilibrium performance for pure metals such as nickel and cobalt using di-(2-ethylhexyl)phosphoric acid (abbreviated as HDEHP)5)and 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (abbreviated as EHPNA)6) has been carried out. In the present work, a study is therefore undertaken to extend the previous results and to obtain the equilibrium relation for solutions of binary metals.
Experiments
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cedures are the same as those described in the previous studies.5'6) The present experiments have been grouped into two series, depending on the concentrations of the metals and the pH values at equilibrium conditions.
The first represents a fundamental study in which the loading ratios of the organic phase have been kept at very low values so that only the monomeric organic-metal species are formed. The combinations of the concentrations of the aqueous metals, hydrogen ion and extractant were chosen so as to result in nearly identical quantities of the two metals in the organic phase for each experiment. Thus the ratio of the aqueous-phase concentration of nickel to that of cobalt was in the range of 3 to 100 for HDEHPand 100 to 200 for EHPNAand the aqueous pH values were in the range of2.2 to 3.5 for HDEHPand 3.1 to 4.0 for EHPNA.Concentration of unbound extractant in the organic solution at equilibrium conditions was determined by mass balance. In the majority of cases, however, the concentration change was negligible, since a large excess of extractant compared with metal extracted was used. The second series is a practical study intended to provide a survey of the requirements needed to establish commercial operation, in which the ratio of the feed concentration of nickel to that of cobalt may be expected to be not far from 1 so that cobalt can be removed from the solution. The loading ratio of the organic phase is considerably increased. The ratio of the aqueous feed concentration of nickel to that of cobalt was therefore in the range of 1 to 10, and in and for nickel
These hold in the range of the loading ratio,
which is less than 0.08 for nickel and 0.12 for cobalt in HDEHP, and less than 0.008 for nickel and 0.08 for cobalt in EHPNA. The appropriate extraction constants were summarizedin Table  1 in the previous work.6)
2) Binary metal extraction
Preliminary runs were carried out with solutions containing both metals. This revealed that the extractability of cobalt was greater than that predicted from the above extraction constant KexCoand that it increased with aqueous-phase nickel concentration.
The enhancements ranged up to 50% for HDEHP and 20% for EHPNA. The procedure approves a mixed metal complex is extracted into the organic phase, in addition to the pure metal complex defined by Eq. (1). For a mixed metal complex, the extraction equilibrium can be described by the following general
An excess metal concentration due to the formation of a mixed metal complex can be defined as: 
The observed values of this factor, compared with those calculated using Eq. (10), are shown in Fig. 3 . Values ranging from 4 to 100 for HDEHPand from 60 to 1000 for EHPNAare found under the condition examined. The relations, Eqs. (9) and (10), are valid only whencomparableamountsof the two metals are extracted as the respective monomericspecies. and that of nickel, for ideal case of low loading and comparable amounts of both metals extracted. and 100mol/m3 and are shown in Fig. 4 as solid lines. The lines start from the corresponding points on the dotted straight line, which represents the extraction equilibrium equation for low loading ratios, Eq. (1).
For nickel, the aggregated species is unlikely to be formed under the conditions considered. The extraction equilibrium equation for low loading ratios, Eq. (2), is shown in Fig. 4 as a dotted line.
The amounts of cobalt extracted into the organic phase were 300-3000 times as large as those of nickel for the experimental conditions used. The concentration change of the extractant due to the nickel extraction is therefore negligible compared to that for cobalt. The concentration of unbound (free) extractant at equilibrium conditions can be found, using the The value of y for each run is determined by minimizing the value of/. This enables the concentration to be The amounts of cobalt extracted from binary metal solutions for a series of input of [(LH)2]feed=50 and 100mol/m3 are plotted against unbound extractant concentration in Fig. 4 . These are seen to be greater than those from pure cobalt solution, which are shown as solid lines. In the case of nickel, there is a small difference between the two cases. The amount of excess cobalt is at least 100 times that of nickel.
The effect of aqueous nickel concentration on extraction performance of the two metals is shownin at a constant ionic strength background by addition of 5 x 102mol/m3 (Na,H)NO3, would still be effective in a solution containing a large amount of nickel. The increase in aqueous ionic strength is likely to enhance the extraction of both metals. The extraction of cobalt is more sensitively affected than that of nickel, since the aggregation of organic cobalt species has progressed in the range observed. This effect seems to suppress the contribution arising from the possible formation of a mixed metal species, and brings an increase in the separation factor with aqueous nickel concentration as shown in Fig. 5 . Consequently, it seems difficult to obtain a quantitative expression for the contribution arising from possible formation of a mixed metal species for the practical case of high loading.
If an interaction between the two metals is assumed to be negligibly small and the variation of ionic strength of the aqueous solution is assumed to have little effect, the separation factor can be calculated from the data of pure metal extraction, using the distribution ratios of the two metals at identical concentrations of the extractant and hydrogen ion.
The observed separation factors are compared with those calculated in Fig. 6 . The calculated values are seen to increase with loading ratios of the organic phase, since the unbound EHPNA concentrations decrease with loading ratio. The observed factors increase with loading ratio, attaining a maximum value at a loading ratio of about 0.3, and then decrease sharply. This indicates that highly aggregated organic cobalt species tend to involve nickel species. Comparedwith other extractants, the present extractant therefore has excellent characteristics as a separating reagent for cobalt and nickel.
C onclusion
Twoseparate experimental studies were carried out on the extraction of cobalt and nickel from an aqueous solution containing both metals and using di-(2-ethylhexyl)phosphoric acid (HDEHP) and 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (EHPNA). Interaction between the two metals which influences the amount of each of metals extracted was observed in all experiments. Under the limiting conditions of very low loading of the organic phase and comparative amountsof both metals extracted, the extraction equilibrium equation for a mixedmetal species can be expressed by Eq. (9) . Taking into account the mixed metal species, the separation factor for cobalt and nickel is given reasonably accurately by Eq. (10). Under conditions which might typically be employed in commercial operation, the situation is more complicated because of the variation of the ionic strength background amongruns and the great differ-388 ence in the amountsof the two metals extracted. These factors makeit difficult to obtain a quantitative expression for the contribution arising from the formation of a mixed metal species. The observed values of the separation factor, however, were found to be not greatly different from those obtained using data for extraction of the pure metal assuming no interaction between the two metals, except for very high loadings of the organic phase. The separation factor obtained for 100 mol/m3 EHPNA in xylene was found to increase to 1000, which is much greater than the values normally obtained with HDEHP. 
